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Objectives: To compare thigh muscle intramuscular fat (intraMF) fractions and area between people with
and without knee radiographic osteoarthritis (ROA); and to evaluate the relationships of quadriceps
adiposity and area with strength, function and knee magnetic resonance imaging (MRI) lesions.
Methods: Ninety six subjects (ROA: KellgreneLawrence (KL) > 1; n ¼ 30, control: KL ¼ 0, 1; n ¼ 66)
underwent 3-T MRI of the thigh muscles using chemical shift-based water/fat MRI (fat fractions) and the
knee (clinical grading). Subjects were assessed for isometric/isokinetic quadriceps/hamstrings strength,
function Knee injury and Osteoarthritis Outcome Score (KOOS), stair climbing test (SCT), and 6-minute
walk test (6MWT). Thigh muscle intraMF fractions, muscle area and strength, and function were
compared between controls and ROA subjects, adjusting for age. Relationships between measures of
muscle fat/area with strength, function, KL and lesion scores were assessed using regression and
correlational analyses.
Results: The ROA group had worse KOOS scores but SCT and 6MWT were not different. The ROA group
had greater quadriceps intraMF fraction but not for other muscles. Quadriceps strength was lower in ROA
group but the area was not different. Quadriceps intraMF fraction but not area predicted self-reported
disability. Aging, worse KL, and cartilage and meniscus lesions were associated with higher quadriceps
intraMF fraction.
Conclusion: Quadriceps intraMF is higher in people with knee OA and is related to symptomatic and
structural severity of knee OA, whereas the quadriceps area is not. Quadriceps fat fraction from chemical
shift-based water/fat MR imaging may have utility as a marker of structural and symptomatic severity of
knee OA disease process.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Considerable research has focused on the characterization of
morphological and compositional changes in cartilage and bone in
knee osteoarthritis (OA)1. However, little attention has been paid to
the quantiﬁcation of adipose tissue at the thigh despite the strongD. Kumar, 1700 4th St, Suite
94158, USA. Tel: 1-415-514-
krdeepak2pro@gmail.com
arampinos), toran.macleod@
in), Lorenzo.nardo@ucsf.edu
.link@ucsf.edu (T.M. Link),
.souza@ucsf.edu (R.B. Souza).
s Research Society International. Prelationship between obesity and knee OA2. Greater thigh adiposity
is known to be associated with lower strength, worse mobility, and
worse lipoprotein proﬁles in older adults3e5. Lower leg lean mass
has been shown to be related to a greater risk of incident knee
radiographic OA (ROA)6. Using computed tomography (CT), Conroy
et al. found that people with ROA had greater whole body lean and
muscle tissue, greater quadriceps cross-sectional area and lower
quadriceps speciﬁc torque (torque per unit muscle area)7. Using
T1-weighted magnetic resonance (MR) images from the Osteoar-
thritis Initiative (OAI) datasets, women with ROA were found to
have greater intermuscular fat volume; and greater intermuscular
fat volume had weak association with lower quadriceps strength
and worse physical performance8.
CT based techniques for quantifying muscle adiposity require
exposure to ionizing radiation and the conventional T1-weightedublished by Elsevier Ltd. All rights reserved.
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muscular adipose tissue (IMAT) in localized regions9,10. In
T1-weighted images, the IMAT11 includes the visible fat signal both
within the muscles intramuscular fat (intraMF) and between the
muscles (intermuscular fat). Chemical shift-based water/fat sepa-
ration methods, including Dixon techniques12,13 and the iterative
decomposition of water and fat with echo asymmetry and least-
squares estimation (IDEAL)14, provide a valuable alternative
approach for quantiﬁcation of fatty inﬁltration. These techniques
overcome the limitations of conventional T1-weighted imaging by
allowing high spatial resolution for quantiﬁcation of adipose tissue
in localized regions. Chemical shift-based water/fat separation
techniques have been used for quantiﬁcation of fat fractions at the
liver15, with very good agreement with MR spectroscopy16. Using
this technique, we have earlier found individuals with diabetes to
have greater intraMF in the calf muscles when compared with
controls, but no difference in intermuscular fat17. Quantitative
measures of intraMF were observed to correlate very well with
established semi-quantitative grading of fatty inﬁltration at the calf
and the shoulder18,19.
In people with knee OA, quadriceps weakness is a ubiquitous
clinical ﬁnding20. Loss of muscle tissue only partly explains the loss
of strength in people with OA7,20 and fatty inﬁltration of thigh
skeletal muscle is known to affect muscle strength and mobility in
the elderly3,4. However, quantitative MR imaging techniques have
so far not been used to assess intraMF of quadriceps in people with
knee OA. Also, metrics of morphologic and compositional changes
in knee cartilage, meniscus and bone with knee OA have not shown
strong relationships with patient symptoms and functional out-
comes21. If quantitative measures of quadriceps adiposity are
related to patient symptoms and function, these measures may be
used as determinants of the OA disease process. Hence, the aims of
this study were (1) to quantify intraMF and area of the quadriceps
and other thigh muscles in individuals with and without ROA, and
(2) to investigate the relationships between quadriceps fat frac-
tions, muscle area, muscle strength, function and structural
severity of knee OA.
Patients and methods
Subjects
Subjects were recruited from the community as a part of a larger
study on knee OA. The inclusion criteria for OA patients were
age > 35 years, frequent clinical symptoms of OA and radiographic
signs of OA22. The controls were older than 35 years and without
history of diagnosed OA, clinical OA symptoms, previous knee in-
juries, or signs of OA on radiographs. Standing radiographs using
the ﬁxed-ﬂexion protocol23 using a synaﬂexor device were ob-
tained for all subjects to determine the KellgreneLawrence (KL)
grade24. The 96 subjects (43 men, 53 women) participated in this
cross-sectional study. Of these, 66 were classiﬁed as controls
(KL ¼ 0, 1), and 30 were classiﬁed as having ROA (KL score > 1). All
subjects signed awritten informed consent prior to participation in
the study and all protocols were approved by a University of Cali-
fornia, San Francisco (UCSF) Committee on Human Research.
Magnetic resonance imaging (MRI) acquisition
MRI was performed using a 3-T GE Signa HDx MR Scanner
(General Electric, Milwaukee, WI, USA) and an eight-channel
transmit-receive knee coil (Invivo, Orlando, FL, USA). For the ROA
subjects, the knee with more severe ﬁndings on the radiographs
was imaged. In controls, the extremity was selected at random. For
clinical grading, a high resolution 3-D T2-weighted fast spin echosequence (Repetition Time [TR]/Echo Time [TE] ¼ 1500/26.69 ms,
matrix ¼ 384  384, slice thickness ¼ 0.5 mm, echo train
length ¼ 32, bandwidth ¼ 37.5 kHz, NEX ¼ 0.5, acquisition
time¼ 10min 30 s) was used. For assessment of thigh adiposity and
muscle cross-sectional area, the imaging was performed over a
volume 14 cm (28 slices) proximal to the superior pole of the pa-
tella. Axial 2-D T1-weighted images (TR/TE ¼ 600/5.52 ms,
matrix ¼ 384  192, slice thickness ¼ 5 mm, echo train length ¼ 7,
bandwidth ¼ 93.75 kHz, NEX ¼ 2.0, acquisition time ¼ 1 min 56 s)
were acquired for segmentation of thigh muscles. An investiga-
tional version of the chemical shift-based water-fat separation
method known as IDEAL14, implemented in a multi-shot multi-
echo 3D spoiled-gradient echo (SPGR) acquisition25 (TR/TE ¼ 11/
1.31 ms, acquisition matrix ¼ 180  180, slice thickness ¼ 5 mm,
Flip angle ¼ 3, bandwidth ¼ 58.59 kHz, acquisition time ¼ 3 min
00 s), was used to measure fat content. The separation of water and
fat signal was based on the IDEAL algorithm14 with the multi-peak
fat spectrum model and single T2* correction15. In-phase images
were calculated by taking the sum of the separated water and fat
images. Out-of-phase images were also calculated by taking the
absolute value to the difference of the separated water and fat
images. Fat fraction images were generated by computing the ratio
of the separated fat signal over the sum of the separated water and
fat signals.
Semi-quantitative clinical grading of knee lesions
A modiﬁed-whole-organ magnetic resonance imaging score
(mWORMS) UCSF classiﬁcation has been introduced by our
research group in which the number of the anatomical compart-
ments is reduced to six (patella, trochlea, medial femur, lateral fe-
mur, medial tibial, lateral tibia)26,27 from 15 in the original score28.
In the WORMS scoring, higher scores reﬂect greater severity of the
structural feature being reported. This classiﬁcation system was
used to assess severity of cartilage and meniscus and bone marrow
lesions (BML), by board certiﬁed musculoskeletal radiologists (TML
with 22 and LN with 6 years of experience). The radiologists were
blinded to subject information and performed separate readings,
with a consensus in case of disagreement. For each subject, the
scores for all compartments (patella, trochlea, lateral/medial femur/
tibia) were added to obtain a total score for each featuree cartilage,
meniscus and BML.
Fat fraction and lean anatomical cross-sectional area (ACSA)
quantiﬁcation
All analyses were performed in a custom written Matlab
(MathWorks, Natick, MA, USA) program. Individual muscle regions
of interest (ROIs) for quadriceps (vastus medialis, vastus lateralis,
vastus intermedius, rectus femoris), hamstrings (semi-
membranosus, semitendinosus, biceps femoris long head, biceps
femoris short head), other muscle groups (adductor group, gracilis
and sartorius) were manually segmented by a single trained
researcher (WL) on the axial T1-weighted images. The region of
interest segmented consisted of four slices (2 cm section) between
10 and 12 cm proximal to superior pole of the patella. These seg-
mentations were transferred to the fat fraction maps from the axial
IDEAL images. For this study, the intraMF fraction, intraMF volume
and lean ACSA variables were calculated for the quadriceps, ham-
strings and other muscles compartments as well as for global (all
muscles) compartment (Fig. 1). The lean ACSA for each muscle was
the area of the muscle minus the area of the intraMF. The subcu-
taneous adipose tissue (SAT) and IMAT regions were segmented
using an automatic algorithm published previously29. The inter-
muscular fat compartment consisted of the IMAT region outside of
Fig. 1. Comparison of fat distribution and fat content at a representative slice between a control subject (ﬁrst row) and an ROA subject (second row) with the same age, gender and
similar total muscle lean ACSA. The ﬁrst column shows the fat fraction maps (color bar units in %). The second column shows color-coded fat fraction maps highlighting the intraMF
fraction (red), intermuscular fat fraction (green) and SAT (blue) regions. The third columns shows color-coded fat fraction maps highlighting the quadriceps (red), hamstrings
(green) and other muscle (blue) regions. The color-coded maps were weighted by the fat fraction map values.
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calculated for both intermuscular fat and SAT compartments. The
intraclass correlation coefﬁcients (ICC) for intra-rater reproduc-
ibility was 0.97 (95% conﬁdence intervals of 0.92, 0.99) for quad-
riceps intraMF and 0.95 (95% conﬁdence intervals of 0.85, 0.98) for
quadriceps lean ACSA respectively.
Strength testing
Quadriceps and hamstrings strength was measured on a Primus
RS instrumented dynamometer (BTE, Hanover, MD, USA) under
two different conditions e (1) maximal isometric torque at 70 
knee ﬂexion, and (2) maximal isokinetic torque at 120/sec be-
tween 20 and 90 of knee ﬂexion. Three warm-up trials at pro-
gressive effort levels preceded the ﬁrst maximal effort trial for each
muscle group. One-minute rest was provided between each repe-
tition. Three trials were acquired for each condition and the trial
with the maximum torque was used in the analyses. All torque
values were normalized to body mass (Nm/kg).
Function
All subjects completed the Knee injury and Osteoarthritis
Outcome Score (KOOS)30,31. The KOOS covers ﬁve separate di-
mensions: Pain, Symptoms, Activities of Daily Living (ADL), Sport
and Recreation Function, and Knee-Related Quality of Life, with
higher scores (0e100) representing better function. For this paper
the KOOS Pain, Symptoms and ADL subscales were used in the
analyses. Physical function was assessed using the e stair climbing
test (SCT)32 where they were timed with a stopwatch as they
ascended and descended a set of 12 stairs (18 cm high); and the
6 minute walk test (6MWT)33 where they were instructed to cover
as much distance as possible during the 6-min time frame.Statistics
All analyses were performed in IBM SPSS 20.0 (IBM Corporation,
Armonk, NY, USA). Primary analyses were performed with one-way
ANOVA to investigate the differences in function, intraMF fractions,
lean ACSA and strength between those with and without ROA. All
analyses were adjusted for age, gender, and BMI (age and gender
only for strength since it was normalized to body mass). Levene’s
test for homogeneity of variance was used to ensure homogenous
variance in the two groups. Natural log transformations were used
in case of non-homogenous variances in the two groups for any
variable. Age, gender, BMI, presence of knee OA, quadriceps intraMF
fraction and quadriceps lean ACSA were used as predictors of
function and quadriceps isometric strength in linear regression
analyses. The relationships of quadriceps strength/intraMF frac-
tion/lean ACSA (a) with age and BMI were investigated using
Pearson’s correlations, and (b) with KL grade, total cartilage/
meniscus/BML mWORMS scores using non-parametric Kendalls s
due to large number of tied ranks34. Furthermore, Kendall’s s is a
better estimate of correlation in the population compared to
Spearman’s r34. Exploratory analyses were performed to compare
intraMF volumes, intermuscular fat volume and SAT volume be-
tween the two groups after adjusting for age, gender, and BMI.Results
Subject characteristics, function
Age, BMI, gender distribution and functional measures for the
two groups are shown in Table I. The ROA group was older
(P¼ 0.001) and had greater BMI (P¼ 0.032). The proportion of men
and women was similar in both groups. The control group had 36
Table I
Mean and 95% conﬁdence intervals for age, BMI, function, and strength parameters, and the gender distribution for subjects with and without radiographic knee OA
Control OA P
Age (years) 50.7 (48.4, 53.1) 57.7 (54.3, 61.1) 0.001
BMI (kg/m2) 24.1 (23.2, 25.0) 26.9 (23.5, 30.2) 0.032
Gender (M:F) 28:38 15:15 0.489*
KOOS Symptoms 90.4 (87.7, 93.2) 81.9 (76.0, 87.8) 0.014y
Pain 90.6 (87.5, 93.8) 78.8 (71.4, 86.3) 0.003y
Activities of daily living 94.7 (92.3, 97.1) 84.3 (77.5, 91.1) 0.006y
SCT (s) 11.4 (10.9, 12.0) 12.0 (10.7, 13.3) 0.865y
6 min walk test (m) 636.7 (613.0, 660.4) 596.2 (563.3, 630.0) 0.569y
Quadriceps Isometric torque (Nm/kg) 1.39 (1.29, 1.49) 1.12 (0.99, 1.26) 0.005z
Isokinetic torque at 120/s (Nm/kg) 0.92 (0.86, 0.98) 0.74 (0.66, 0.83) 0.001z
Hamstrings Isometric torque (Nm/kg) 0.67 (0.63, 0.72) 0.62 (0.55, 0.69) 0.452z
Isokinetic torque at 120/s (Nm/kg) 0.65 (0.61, 0.70) 0.60 (0.53, 0.67) 0.172z
Bold indicates statistical signiﬁcance.
* P value from the Chi-square test.
y Adjusted for age, gender, BMI.
z Adjusted for age and gender.
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group had 10, 16, and 4 individuals respectively for KL 2, 3 and 4.
After adjusting for age, the ROA group had worse self-reported
scores on all subscales of KOOS (P < 0.05). The differences in per-
formance based functional tests of SCT (P ¼ 0.865) and 6MWT
(P ¼ 0.569) were not signiﬁcant.Thigh muscle strength
After adjusting for age and gender (Table I), the ROA group
had lower quadriceps isometric strength (P ¼ 0.005) and iso-
kinetic strength (P ¼ 0.001) but the differences in hamstring
isometric strength (P ¼ 0.452) and isokinetic strength (P ¼ 0.172)
were not signiﬁcant.Thigh adiposity and lean ACSA
After adjusting for age, gender, and BMI, the ROA group had
greater intraMF fractions for the quadriceps (P ¼ 0.018) [Fig. 2(a)].
The differences in intraMF fractions for the hamstrings (P ¼ 0.490),
remaining muscle groups (P ¼ 0.281), and global thigh muscle
(P ¼ 0.102) were not statistically signiﬁcant [Fig. 2(a)]. After
adjusting for age, gender, and BMI, the differences in lean ACSA for
the quadriceps (P ¼ 0.381), hamstrings (P ¼ 0.905), remainingFig. 2. Fat fractions for control subjects (Black) and OA (Gray) with 95% CI for quadriceps mus
control subjects (Black) and OA (Gray) with 95% CI for quadriceps muscle, hamstrings mus
ferences at P < 0.05.muscle groups (P ¼ 0.949) and global muscles (P ¼ 0.576) were not
statistically signiﬁcant [Fig. 2(b)].
Exploratory analyses showed that after adjusting for age, gender,
andBMI, the differences between the groupswerenot signiﬁcant for
quadriceps intraMF volume (in cm3) for the quadriceps
(Control ¼ 92.8  33.9, ROA ¼ 112.3  45.2, P ¼ 0.198), hamstrings
(Control¼ 81.0 29.5, ROA¼ 94.7 34.5, P¼ 0.661), other muscles
(Control ¼ 45.0  17.7, ROA ¼ 51.3  19.5, P ¼ 0.622), and global
compartments (Control ¼ 218.8  72.0, ROA ¼ 258.2  87.7,
P¼ 0.346). The differences between the groups for intermuscular fat
volume (Control¼ 266.9 92.1, ROA¼ 293.0 94.4, P¼ 0.812) and
SAT volume (Control ¼ 1547.9  730.6, ROA ¼ 1466.3  668.6,
P ¼ 0.564) were not signiﬁcant after adjusting for age, gender,
and BMI.
Relationships
Table II has the unstandardized regression coefﬁcients, 95%
conﬁdence intervals, standardized regression coefﬁcients, and
associated P values from themultiple linear regression analyses. For
KOOS symptoms and ADL scores, the regression models including
age, gender, BMI, presence of knee OA, quadriceps intraMF fraction,
and quadriceps lean ACSA explained 18.6% (P ¼ 0.007) and 34.7%
(P < 0.001) of the variance in the outcome respectively. Quadriceps
intraMF fraction was the only variable that made a signiﬁcantcle, hamstrings muscle, all remaining muscles and global compartments. (b) Lean ACSA
cle, all remaining muscles and global compartments. Brackets indicate signiﬁcant dif-
Table II
Results frommultiple linear regression. Unstandardized regression coefﬁcients (95% conﬁdence intervals), standardized regression coefﬁcients (in standard deviations) and P
values
Quadriceps intraMF fraction Quadriceps lean ACSA
Unstandardized
regression
coefﬁcient
95% Conﬁdence
intervals
Standardized
regression
coefﬁcient
P value Unstandardized
regression
coefﬁcient
95% Conﬁdence
intervals
Standardized
regression
coefﬁcient
P value
KOOS Symptoms 2.25 3.75, 0.74 0.34 0.004 0.06 0.49, 0.36 4.00 0.771
Pain 2.64 4.43, 0.84 0.32 0.004 0.07 0.44, 0.57 3.39 0.802
ADL 3.31 4.71, 1.90 0.47 <0.001 0.15 0.25, 0.55 9.27 0.452
6MWT 11.79 21.70, 1.87 0.24 0.021 4.0 1.62, 6.37 38.01 0.001
SCT 0.66 0.38, 0.95 0.47 <0.001 0.04 0.10, 0.03 12.78 0.293
Quadriceps isometric
torque
3.09 7.18, 1.0 0.17 0.135 1.39 0.53, 2.25 43.22 0.002
Bold indicates statistical signiﬁcance.
D. Kumar et al. / Osteoarthritis and Cartilage 22 (2014) 226e234230contribution to themodels for both KOOS Symptoms and KOOS ADL
(Table II). For KOOS Pain, the regressionmodel with all the variables
explained 21.8% (P ¼ 0.002) of the variance in the outcome. Pres-
ence of knee OA and quadriceps intraMF fraction were the only
independent variables with a regression coefﬁcient that made a
signiﬁcant contribution to themodel (Table II). For distance covered
in the 6MWT, the regression model with all the variables explained
53.9% (P < 0.001) of the variance in the outcome. Age, BMI, quad-
riceps intraMF fraction, and quadriceps lean ACSA all made signif-
icant contributions to the model (Table II). For time taken to theFig. 3. Scatter-plots for the association of quadriceps intraMF fraction (y-axes) with (a) age, (
x-axes.complete the SCT, the regression model with all the variables
explained 51.5% (P< 0.001) of the variance in the outcome. BMI and
quadriceps intraMF fraction signiﬁcantly contributed to the model
(Table II). Finally for quadriceps isometric peak torque, the regres-
sion model with all the variables explained 45.1% (P < 0.001) of the
variance in the outcome. Quadriceps lean ACSA was the only vari-
able which contributed signiﬁcantly to the model (Table II).
Figure 3 and Table III show the results from the correlational
analyses. Higher quadriceps intraMF fraction was associated with
older age [Fig. 3(a)], worse ROA severity [Fig. 3(c)], and greater totalb) KL, (c) total cartilage mWORMS score, and (d) total meniscus mWORMS score on the
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D. Kumar et al. / Osteoarthritis and Cartilage 22 (2014) 226e234 231cartilage [Fig. 3(c)] and meniscus [Fig. 3(d)] mWORMS scores.
Lower quadriceps lean ACSA was associated with older age, lower
BMI, and higher total cartilage mWORMS score. Lower quadriceps
torque was associated with lower age, worse ROA severity and
greater total cartilage mWORMS score. BML scores were not related
to any of the parameters.
Discussion
In this study we compared thigh muscle intraMF fractions and
lean ACSA in people with and without ROA. We found that people
with ROA have higher quadriceps fatty inﬁltration and weaker
quadriceps, but muscle area is not different. We also evaluated the
relationships between quadriceps intraMF fraction, lean ACSA,
strength, patient function and knee joint lesions. The results show
that quadriceps intraMF fraction is negatively associated with self-
reported and physical measures of function and radiographic and
MR severity of knee OA. The study presents novel data on quadri-
ceps adiposity in people with knee OA using quantitative MR
techniques.
We found that people with ROA have greater quadriceps fatty
inﬁltration compared to those without radiographic knee OA. Also,
greater severity of OA on radiograph and MRI was related to higher
quadriceps intraMF fraction. The difference in quadriceps fat frac-
tion between the groups was w 1.5%. It is unlikely that this dif-
ference could have been detected with conventional T1-weighted
imaging. Furthermore, this difference appears to be clinically
meaningful as well, because the ROA group had greater self-
reported disability. This was further conﬁrmed by the negative
associations between quadriceps fat fractions and function in these
individuals. Similar ﬁndings have been observed at the shoulder in
individuals with symptomatic rotator cuff tears18. Longitudinal
studies would be needed to understand if increase in quadriceps fat
fraction occurs prior to or follows symptomatic and structural
decline. We observed greater fatty inﬁltration for all thigh muscles
in people with knee OA compared to the control group. However,
after adjusting for age, BMI, and gender, the differences were only
signiﬁcant for the quadriceps. Hence, it may be possible that the
quadricepsmuscle is affected to a greater extent than othermuscles
in people with knee OA. This is supported by the ubiquitous ﬁnding
of quadriceps weakness in people with knee OA20. Data from the
OAI have also shown that in people with bilateral ROA, the knees
with pain had lower quadriceps ACSA but no difference in the ﬂexor
or adduction ACSAs35. On the other hand, it could also be a limi-
tation of the sample size in our study. However, due to the cross-
sectional design of our study, it is not possible to conﬁrm these
speculations. Hence, future work is needed to understand if the
quadricepsmuscle is preferentially affected in peoplewith knee OA.
The observed differences in quadriceps fatty inﬁltration could
be related to systemic inﬂammatory processes or to muscle disuse.
Previous studies have shown that skeletal adipose tissue may be
related to systemic inﬂammatory processes since higher skeletal
muscle fat is associated with higher insulin resistance, cholesterol
and fasting sugar36,37. IMAT of the thigh is considered a peripheral
ectopic fat depot and shares a direct vascular connection with the
muscles it inﬁltrates5. It has been suggested that this relationship
may be analogous to that of visceral adipose tissue in the liver and
liver vasculature where visceral adipose tissue is known to be
related to impaired fat oxidation38 and unfavorable lipoprotein
proﬁles39. This was conﬁrmed in a study which reported that in
men, a reduction in IMAT with targeted aerobic activity had a
stronger and signiﬁcant association with less atherogenic lipopro-
tein proﬁle compared to visceral adipose tissue5. With aging and
disuse, there is a loss of lean muscle tissue (sarcopenia) and an
increase in skeletal muscle fat40. Physical activity can increase lean
D. Kumar et al. / Osteoarthritis and Cartilage 22 (2014) 226e234232muscle mass and decrease IMAT41, which can additionally impact
systemic metabolic proﬁle5. Hence, impact of a physical activity
intervention on quadriceps intraMF fraction in peoplewith knee OA
needs to be assessed.
Prior studies have reported no differences in the quadriceps
muscle mass between people with and without knee ROA7,8,42. Our
ﬁndings are in accordance with these earlier reports. Furthermore,
our results suggest that loss of lean quadriceps mass may not be as
signiﬁcant as an increase in quadriceps intraMF fraction in knee OA.
This is further corroborated by a lack of signiﬁcance in the re-
lationships between quadriceps lean ACSA, self-reported disability
and most metrics of structural severity of knee OA. However as
expected, the lean ACSA was a signiﬁcant predictor of quadriceps
strength. We did not observe a signiﬁcant difference in quadriceps
lean ACSA but did observe people with ROA to have weaker
quadriceps. Besides atrophy20,43,44, quadriceps weakness could be
related deﬁcits in central activation20, and inhibition due to pain
and effusion45,46. Furthermore, lower quadriceps torque could also
be an artifact of greater antagonist co-contraction during MVIC
testing47. It has been shown that there is signiﬁcant antagonist
activity during quadriceps strength testing47. However, we did
expect to ﬁnd an independent association between quadriceps
intraMF fraction and strength. Although quadriceps intraMF frac-
tion was negatively correlated with isometric torque (r ¼ 0.41,
P ¼ 0.014), this association was not signiﬁcant after accounting for
age, BMI, gender, presence of knee OA and quadriceps lean ACSA.
Further work is needed to elucidate these relationships in people
with knee OA.
Earlier reports from our group have shown that a fat fraction of
6.5  4% corresponds to semi-quantitative Goutallier grade of 119.
Since both groups in this study had a mean quadriceps fat fraction
of 6.5%, both groups would on average be considered a Goutallier
grade 1. Hence, Goutallier grading would fail to detect clinically
meaningful differences between the groups. In individuals with
symptomatic rotator cuff tears at the shoulder, quantitative fat
fraction measures, but not semi-quantitative Goutallier grading,
demonstrated signiﬁcant negative correlations with patient pain
and range of motion18. Traditionally, Goutallier grades 2 and greater
are considered pathologic48. However, our results suggest that in
individuals with ROA, even smaller amounts of fatty inﬁltration
may relate to signiﬁcant pathology and functional decline.
We did not ﬁnd signiﬁcant differences in intermuscular fat or
SAT volume between the groups. Earlier studies using OAI datasets
have reported higher intermuscular fat volume in women with
ROA8,49. However, in these studies the authors were unable to
differentiate adipose tissue from non-adipose tissue in the inter-
muscular compartment and hence did not truly assess inter-
muscular fat volume. To compare our results with theirs, we
analyzed the differences in the volume of the entire intermuscular
compartment (excluding the muscles) between women with
(n ¼ 14) and without ROA (n ¼ 38), adjusting for age. We did not
ﬁnd any signiﬁcant differences (P ¼ 0.194) which could be due to
differences in the sample size, and region of interest. However,
Maly et al. only found weak negative relationships between inter-
muscular fat volume and function inwomenwith ROA8. Our results
demonstrate strong associations between intraMF fraction and
function suggesting that intramuscular fatty inﬁltration may be
more important towards functional decline than intermuscular
fatty inﬁltration. However, further longitudinal analyses will be
needed to fully understand the roles of different fat depots in the
thigh in people with knee OA.
The study has limitations which need to be considered when
interpreting the results. The region of interest for analysis for
measures of muscle adiposity and morphology consisted of a 2 cm
section of the thigh 10e12 cm proximal to the superior pole of thepatella. This convention allowed us to be consistent across all
subjects, and a similar approach has been used in previous
studies8,49. However, it may have an impact on the quantiﬁcation
of muscle adiposity since different parts of the muscles along
their length may have been evaluated depending on the height of
the person and length of their thigh muscles. Overall the heights
were not different between the groups in this study. To address
this limitation further, we estimated femur lengths for each
participant using gender speciﬁc equations50. Average femur
length was 18.2  1.7 in. for the control group and 18.4  1.7 in.
for the ROA group. Assuming a proportional difference in thigh
muscle length between the groups, it is unlikely that this differ-
ence would cause signiﬁcant effect on the parameters studied.
Secondly, this cohort of subjects may be considered relatively
high functioning and our ﬁndings may not be generalizable to
people with knee OA with worse functional limitations. Lastly, we
did not adjust for multiple comparisons in the statistical analyses,
and did not account for the use of pain relieving medications,
which could affect the results.
In conclusion, we found that subjects with ROA have greater
intraMF in the quadriceps muscle and weaker quadriceps but the
lean ACSA is no different when compared to individuals without
ROA. Quantitative measures of quadriceps fat fraction had signiﬁ-
cant negative associations with patient reported function, physical
function and severity of structural damage to the knee joint but
quadriceps lean ACSA did not.
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